Pseudomonas syringae pv. tomato DC3481, a Tn5-induced mutant of the tomato pathogen DC3000, cannot grow and elicit disease symptoms on tomato seedlings. It also cannot grow on minimal medium containing malate, citrate, or succinate, three of the major organic acids found in tomatoes. We report here that this mutant also cannot use, as a sole carbon and/or energy source, a wide variety of hexoses and intermediates of hexose catabolism. Uptake studies have shown that DC3481 is not deficient in transport. A 3.8-kb EcoRI fragment of DC3000 DNA, which complements the Tn5 mutation, has been cloned and sequenced. The deduced amino acid sequences of two of the three open reading frames (ORFs) present on this fragment, ORF2 and ORF3, had no significant homology with sequences in the GenBank databases. However, the 510-amino-acid sequence of ORF1, the site of the Tn5 insertion, strongly resembled the deduced amino acid sequences of the Bacillus subtilis and Zea mays genes encoding 2,3-diphosphoglycerate (DPG)-independent phosphoglyceromutase (PGM) (52% identity and 72% similarity and 37% identity and 57% similarity, respectively). PGMs not requiring the cofactor DPG are usually found in plants and algae. Enzyme assays confirmed that P. syringae PGM activity required an intact ORF1. Not only is DC3481 the first PGM-deficient pseudomonad mutant to be described, but the P. syringae pgm gene is the first gram-negative bacterial gene identified that appears to code for a DPG-independent PGM. PGM activity appears essential for the growth and pathogenicity of P. syringae pv. tomato on its host plant.
Most pseudomonads are able to use hexoses and related compounds as carbon and energy sources (29) . Although there are a variety of pathways for hexose oxidation, they all converge to the central metabolite 6-phosphogluconate (6PGA). Pseudomonads metabolize 6PGA primarily via the EntnerDoudoroff pathway to glyceraldehyde-3-phosphate and pyruvate, using the enzymes 6-phosphogluconate dehydratase (EDD) and 2-keto-3-deoxy-6-phosphogluconate aldolase (EDA) (see Fig. 1 ) (23) . Glyceraldehyde-3-phosphate is then metabolized by enzymes of the Embden-Meyerhoff pathway to a second molecule of pyruvate or is recycled to 6PGA via a pathway which includes fructose 1,6-diphosphate. Bacteria also may metabolize hexoses by the hexose monophosphate pathway (also called the pentose shunt) (23) . This pathway converts 6PGA to fructose-6-phosphate and glyceraldehyde-3-phosphate via ribulose-5-phosphate, which is an important precursor metabolite for the synthesis of purine nucleotides and the essential amino acid histidine. Several pseudomonad species have been shown to use this pathway (23) . In Pseudomonas aeruginosa, the Entner-Doudoroff pathway enzymes are inducible whereas the gluconeogenic enzymes of the triose phosphate portion of the Embden-Meyerhoff pathway are constitutively expressed (11, 23, 26) . P. aeruginosa mutants defective in glyceraldehyde-3-phosphate dehydrogenase (GAP) or 3-phosphoglycerate kinase (PGK) can still grow on glucose or gluconate because of the conversion of 2-keto-3-deoxy-6-phosphogluconate to pyruvate via the Entner-Doudoroff pathway enzyme EDA (4) .
The genes controlling GAP and PGK, two of the key enzymes of the Embden-Meyerhoff pathway, are often part of a gene cluster coding for functionally related enzymes. These clusters have been sequenced and analyzed for several bacterial species, including Escherichia coli, Methanothermus fervidus, Zymomonas mobilis, and two Bacillus spp. (1, 8, 14, 24, 34) . The Bacillus subtilis and Bacillus megaterium gene clusters are in a large putative operon coding for at least four glycolytic enzymes: PGK, triose phosphate isomerase, phosphoglyceromutase (PGM), and enolase (24) . In P. aeruginosa PAO1, the genes controlling carbohydrate catabolic enzymes are located in the region from 39 to 70 min on the chromosome (30, 31) . Although the genes specifying glucokinase, glucose-6-phosphate dehydrogenase, and the Entner-Doudoroff pathway enzymes EDD and EDA all map to 39 min, they do not appear to be contained within the same operon (12, 36) . Recent work has shown that this cluster, which is a multioperonic regulatory unit called the hex regulon, also contains the gene for GAP (37) . There is also a tight linkage group associated with the P. aeruginosa genes controlling PGK and fructose-1,6-diphosphate aldolase activity (4) .
In a previous report, a Tn5-induced mutant of the tomato pathogen Pseudomonas syringae pv. tomato DC3000 that cannot grow and cause disease on tomato plants was described (21) . This mutant, DC3481, the result of a single-site insertion of the transposon, was not able to use as the sole carbon source three of the major organic acids found in tomatoes: citric, malic, and succinic acids. In the present paper, we report that this mutant also cannot use selected sugars and intermediates of the carbohydrate catabolic pathways. A 3.8-kb EcoRI fragment of P. syringae pv. tomato DC3000 DNA which complements the Tn5 mutation has been cloned and sequenced. Sequence analysis combined with enzymatic studies has shown that this sequence contains the P. syringae pv. tomato gene (ORF1) (site of the Tn5 insertion) for PGM and has a high degree of homology with the B. subtilis and Zea mays (corn) genes encoding 2,3-diphosphoglycerate (DPG)-independent PGMs. Two other open reading frames (ORFs) in this sequence, ORF2 and ORF3, do not resemble any of the catabolic enzyme genes that have been sequenced.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids used in this study are described in Table 1 . P. syringae pv. tomato strains routinely were grown in nutrient broth-yeast extract (NBY) medium (38) at 25ЊC as previously described (21) . E. coli strains were grown in Luria-Bertani medium (32) at 37ЊC. Media were supplemented with antibiotics as required.
Growth studies. Bacterial strains were tested for the ability to utilize various organic compounds by a modification of a previously described method (21) . Washed bacterial suspensions (10-l droplets containing 5,000 cells) were placed on the surface of modified Vogel-Bonner (VB) medium (9) supplemented with the test compound(s) at 0.01 M. The cultures were incubated at 25ЊC for up to 10 days. Generation times in NBY medium were determined as described by Stanier et al. (35) .
Uptake of fructose and succinate. Transport studies were performed by a method modified from that of Lo and Bewick (25) . Bacterial strains were grown at 25ЊC in VB minimal medium (13) supplemented with 0.05 M pyruvate and 0.05 M fructose (for succinate assay) or with 0.05 M pyruvate and 0.05 M glucose (for fructose assay) and harvested at mid-log phase (A 600 , 0.8 to 1.0). The cells were washed three times with VB medium, and the final cell pellet was resuspended in VB medium to an A 600 of 0.8. 6 .6]) to 1.5 ml of cell suspension. The assay was carried out at 25ЊC with constant stirring. At timed intervals, 0.025-ml samples were removed from the reaction mixture and filtered through a 0.45-m-pore-size filter. The filter membranes were washed three times with 5 ml of cold 0.05 M potassium phosphate buffer (pH 6.6). The filters were dried, and the amount of radioactivity was measured. Each bacterial strain was assayed in triplicate.
DNA sequencing. DNA sequencing of plasmids pDJ438 and pDJ417 was performed by a method modified from that of Sanger et al. (33) using the T7 Sequenase kit (Pharmacia, Baie d'Urfe, Quebec, Canada) and ␣-35 S-dATP (ICN). 7-Deaza-dGTP was substituted for dGTP to reduce compressions due to the high GϩC content of P. syringae DNA (29) . DNA sequences were confirmed by sequence analysis of the second strand. Sequence data were analyzed and homologies were determined on a Unix computer with the University of Wisconsin Genetics Computer Group (Madison, Wis.) Sequence Analysis Software Package, version 7. Codon preference plots were prepared by using the Pseudomonas codon choice pattern (39) . Plasmid pDJ438 contained the 3.8-kb EcoRI fragment isolated from pDJ208 (21) and cloned into pGEM4. This 3.8-kb fragment had been previously shown to complement the Tn5 insertion mutant DC3481 (21) . Plasmid pDJ417 contained the 1.755-kb PstI fragment isolated from pGB2-5 (21) and cloned into pGEM4. The 1.755-kb fragment had 0.684 kb of the Tn5 insertion sequence and 1.071 kb of flanking P. syringae pv. tomato sequence from strain DC3481 and was used to determine the exact location of the Tn5 insertion in the DC3481 DNA sequence. The P. syringae pv. tomato sequence in the 1.755-kb PstI fragment also contained an EcoRI site which separated the complementing 3.8-kb EcoRI fragment from an adjacent 2.5-kb EcoRI fragment; sequence analysis of this fragment thus gave the orientation of the DNA sequence with respect to the previously determined restriction endonuclease map (21) .
Subcloning of pDJ438. Restriction enzyme digestion, agarose gel electrophoresis, and construction of recombinant plasmids were performed by standard techniques (22, 32) . An EcoRI-HindIII 1,878-bp fragment of pDJ438 (see Fig. 3 ), which contained an intact ORF1, was separated from other fragments by agarose gel electrophoresis and then isolated with the Prep-a-Gene silica matrix kit (Bio-Rad, Mississauga, Ontario, Canada). The purified fragment was subcloned into cloning vector pKT240 and transformed into E. coli DH5␣ by the method of Hanahan (18); subsequently, the plasmid was transferred by triparental mating into P. syringae pv. tomato DC3481 as previously described (28) . Transconjugants were selected on NBY agar plates containing ampicillin (1 mg/ml) and rifampin (50 g/ml).
Plant pathogenicity tests. Bacterial strains were tested for the ability to cause bacterial speck symptoms on 2-week-old tomato seedlings (Lycopersicon esculentum Mill. 'Bonny Best') by a method described previously (21) .
Assay for PGM activity. Bacterial cultures were grown to mid-log phase in 300 ml of VB broth supplemented with 0.05 M fructose and 0.05 M pyruvate. Cells were centrifuged at 9,000 ϫ g for 20 min at 4ЊC and washed twice in 100 ml of cold wash buffer (20 mM Tris-Cl, 1 mM MgCl 2 ; pH 7.8). The cell pellet was resuspended (4 ml/g [wet weight]) in cold lysis buffer (20 mM Tris [pH 7.8], 1 mM MgCl 2 , 10% glycerol, 10 mM ␤-mercaptoethanol). Cells were lysed by being passed three times through a French pressure cell at 20,000 lb/in 2 . Unbroken cells were removed by centrifugation at 3,000 ϫ g for 10 min at 4ЊC. The cell supernatant was centrifuged twice at 18,000 ϫ g for 10 min at 4ЊC to reduce background NADH oxidase activity. The total protein concentration in the lysates was determined by using the Bio-Rad protein assay kit (6) . The supernatant was stored at Ϫ20ЊC for no longer than 1 week before being assayed for PGM activity by a modification of the method described by Maitra and Lobo (27) . Enzyme activity was based on NADH consumption during the conversion of 2-phosphoglycerate substrate to glyceraldehyde-3-phosphate. Each reaction mix contained the following: 1 mM 2-phosphoglycerate, 1 mM ATP, PGK (1 U/ml), GAP (1 U/ml), 50 mM triethanolamine HCl, 10 mM MgCl 2 (pH 7.4), and 0.01 ml of crude cell lysate. The reaction mixture was preincubated at 25ЊC for 15 min before the addition of 0.1 mM NADH. Conversion of NADH to NAD ϩ was determined by measuring changes in A 340 with an LKB Ultraspec II spectrophotometer. Enzyme activity was expressed as nanomoles of product formed per minute per milligram of protein. Background NADH oxidase activity was determined by measuring the enzymatic activity in a reaction mixture lacking substrate. Each bacterial strain was assayed in triplicate.
Nucleotide sequence accession number. The combined sequence of DC3000 DNA in pDJ417 and pDJ438 was submitted to the GenBank nucleotide sequence database under accession no. U12776.
RESULTS
Growth characteristics of DC3481. Earlier work had shown that the nonpathogenic Tn5-induced mutant DC3481 could not grow on minimal medium with succinate, citrate, oxaloacetate, malate, or tartrate as the sole source of carbon (21) . To better define the metabolic defect in DC3481, we tested DC3481 and its parent strain, DC3000, for the ability to grow on fructose, glucose, glycerol, gluconate, and a number of intermediates in hexose catabolism ( Table 2 ). The mutant grew on none of these compounds (please note that there was an erratum in reference 16, page 885: DC3481 grew only on media containing citrate and glucose or fructose). The bacteria Fig. 1) and these results suggest that the mutation had interrupted hexose catabolism before the formation of the metabolic intermediate pyruvate. DC3000 was not able to grow on glyceraldehyde, glyceraldehyde-3-phosphate, histidine, isocitrate, ␣-ketoglutarate, 3-phosphoglycerate, or urocanate as the single carbon source, and thus these compounds could not be used in our study. Although DC3000 and DC3481 both grew well on NBY complete medium, their generation times differed significantly (1.59 Ϯ 0.11 and 2.38 Ϯ 0.01 h, respectively). After a 10-h incubation in NBY broth, DC3000 reached an optical density (A 600 ) of 3.4 Ϯ 0.60, while DC3481 grew to an A 600 of 1.3 Ϯ 0.18.
Succinate and fructose uptake by DC3000 and DC3481. To determine whether the lack of sugar and TCA cycle intermediate utilization in DC3481 was due to a defective transport system, we measured the uptake of 14 C-labeled succinate and fructose by DC3000 and DC3481 over a 90-min incubation period (Fig. 2) . Incorporation of the labeled compounds was most pronounced during the first 10 min of incubation. Although the mutant efficiently transported succinate and fructose, it did not incorporate as much label as parent strain DC3000. Reduced uptake may be a reflection of the mutant's inability to metabolize these compounds.
Sequence analysis of the Tn5 insertion site of DC3481. A 3.8-kb EcoRI fragment from DC3000 which restored pathogenicity and the ability to grow on TCA cycle intermediates to FIG. 1. Metabolic pathways for hexose utilization by Pseudomonas strains. eno, enolase; fda, fructose 1,6-diphosphate aldolase; fdp, fructose 1,6-diphosphatase; fpk, 1-phosphofructokinase; glk, glucose kinase; gnk, gluconate kinase; pgi, phosphoglucoisomerase; pyc, pyruvate carboxylase; pyk, pyruvate kinase; tpi, triose phosphate isomerase; zwf, glucose-6-phosphate dehydrogenase. Ribulose-5-P‫ء‬ is an important precursor metabolite for the synthesis of purine nucleotides and histidine. This figure is a modified version of the schematic published by Wolff et al. (40) and is used with their permission. DC3481 (21) was cloned into pGEM4 (pDJ438), and its nucleotide sequence was determined. Also sequenced was a PstI fragment from pGB2-5, a plasmid containing 0.68 kb of the Tn5 insertion sequence and 1.07 kb of the flanking P. syringae pv. tomato sequence from strain DC3481. The overlapping P. syringae pv. tomato sequence data from pDJ417 and pDJ438 were in complete agreement. The combined sequence (3,797 bp) (GenBank accession no. U12776) contained three ORFs which potentially encode proteins of 529, 476, and 411 amino acid residues. Figure 3 presents a Pseudomonas DNA-based codon preference plot (39) of the sequence and shows the relative positions of ORF1 and ORF2. This plot and the location of potential transcriptional and translational signal sequences suggested that the second methionine (nucleotide 418 of the GenBank sequence) is the translation start site for ORF1, while the first methionine (nucleotide 1995 of the GenBank sequence) of ORF2 begins its translation. The GϩC contents of ORF1 and ORF2 are 60.7 and 57.8%, respectively, while that of P. syringae genomic DNA is 58 to 61% (29) . Sequence analysis of pDJ417 indicated that Tn5 had inserted into DC3481 at nucleotide 657 of ORF1 (or nucleotide 1075 of the GenBank sequence). ORF3, which is not shown in Fig. 3 , is composed entirely of sequences complementary to ORF1; if transcription of ORF3 were to occur, it would proceed in the opposite direction from that of ORF1.
The translated DNA sequence entries in the National Center for Biotechnology Information (NCBI) (Bethesda, Md.) databases were searched by using the BLAST network service (2) for sequences with homology to the P. syringae pv. tomato ORFs. A 37% identity and 57% similarity were found for 506 amino acids encoded by ORF1 and 539 amino acids of the Z. mays enzyme DPG-independent PGM (GenBank accession no. X55981) (17) (Fig. 4) . In addition, a shorter region of ORF1 (97 amino acids) showed a 45% identity and 62% similarity with this enzyme. Comparison of the recently published amino acid sequence of the B. subtilis DPG-independent PGM (24) (GenBank accession no. L29475) with the amino acid sequence of ORF1 revealed a 52% identity and 72% similarity over 510 amino acids for B. subtilis and 506 amino acids for ORF1 (Fig. 4) . ORF1 showed no significant homology with the DPG-dependent PGMs whose genes have been sequenced (data not shown). The ORF1 amino acid sequence also resembled (48% identity and 68% similarity) the deduced amino acid sequence of a partial sequence from urf2, a B. megaterium ORF located downstream of the gene for triose phosphate isomerase (34) and shown to code for PGM by Leyva-Vazquez and Setlow (24) (GenBank accession no. M87648) (Fig. 5) . No significant homology was found between ORF2 and ORF3 and sequences within the NCBI databases.
Subcloning the 3.8-kb EcoRI fragment of pDJ438. We digested the 3.8-kb EcoRI fragment of pDJ438 with HindIII and EcoRI and inserted the EcoRI-HindIII fragment containing intact ORF1 into the expression vector pKT240. This subclone, designated p⌬438, also contained 243 bp of the 1,428-bp ORF2 (Fig. 3) . When introduced into DC3481 by triparental mating, this subclone restored the ability of the mutant to utilize gluconate, sugars, and glycolytic and TCA cycle intermediates as sole carbon sources (Table 1) . Also, both succinate and fruc- syringae pv. tomato DC3000 sequence, which complements mutant DC3481. The sequence was analyzed by using the codon preference program of the Genetics Computer Group computer software package. This program, employing the Pseudomonas codon usage table (39) , has identified the location of potential ORFs and has determined the likelihood that they represent coding sequences. Potential genes are indicated by the curve rising significantly above background. A and B represent two different reading frames. ORF1 and ORF2 (open boxes beneath the codon preference curves for their respective reading frames), the direction of transcription (horizontal arrows), the position of the 2.5-kb-3.8-kb EcoRI junction (vertical line), the location of the Tn5 insertion and the PstI (P), EcoRI (E), and HindIII (H) restriction enzyme sites (vertical arrowheads), and the HindIII-EcoRI fragment from pDJ438 cloned into pKT240 to form p⌬438 (two-headed arrow) are indicated.
tose were transported into DC3481(p⌬438) at levels similar to those observed for DC3000 (Fig. 2) . When tested for pathogenicity on tomato plants, DC3481(p⌬438) produced disease symptoms similar to those observed with DC3000 (Fig. 5 ).
Because only a small portion (243 bp) of ORF2 was on this EcoRI-HindIII fragment, it is most likely that this ORF is not responsible for restoring pathogenicity and the ability to catabolize the various carbon sources to DC3481. FIG. 4 . Alignment of the deduced amino acid sequence of ORF1 with the amino acid sequences of B. subtilis PGM (GenBank accession no. L29475), B. megaterium urf2 (a partial sequence for PGM) (GenBank accession no. M87648), and Z. mays PGM (GenBank accession no. M80912). The ORF1 sequence was searched and matched with homologous sequences by using the PILEUP and PRETTY programs of the Genetics Computer Group software package. Identical or similar amino acid residues (boxes) and gaps introduced to facilitate ideal matching of residues (dashes) are indicated.
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PGM activity in DC3000 and DC3481. The database search suggested that ORF1 may code for PGM activity; this possibility is consistent with the carbohydrate utilization studies (Table 2 ). To help confirm this identification, we performed a PGM assay with DC3000 and DC3481. The PGM-specific activity found in a lysate of DC3000 averaged 244.5 Ϯ 12.5 nmol/min/mg of protein, whereas that found in a lysate of DC3481, 5.6 Ϯ 5.6 nmol/min/mg of protein, was below background levels. Lysates from the two strains had similar levels of background NADH oxidase activity (33.6 Ϯ 7.8 nmol/min/mg of protein for DC3000 and 36.2 Ϯ 3.1 nmol/min/mg of protein for DC3481). In summary, these results indicate that the Tn5 insertion mutation of P. syringae pv. tomato DC3481 had occurred in a gene that codes for the glycolytic enzyme PGM.
DISCUSSION
Using sequence analysis and enzyme assays, we have shown that the Tn5 insertion site for the nonpathogenic P. syringae pv. tomato mutant DC3481 is pgm, the structural gene for the gluconeogenic enzyme PGM. The deduced amino acid sequence of P. syringae pv. tomato PGM, which consists of 510 amino acids, exhibited a high degree of homology with the DPG-independent PGMs of B. subtilis, B. megaterium, and Z. mays (GenBank accession no. L29475, M87648, and M80912, respectively) (17, 24, 34) . The DPG-independent PGMs, which are ϳ60 kDa, are found primarily in higher plants, filamentous fungi, and Bacillus spp. (15) . This study is the first to identify such an enzyme in a pseudomonad. In an earlier report, it had been shown by Southern blot analysis that the pgm sequence plus a 787-bp region upstream of pgm hybridized to DNA from six P. syringae pathovars (tomato, maculicola, glycinea, tabaci, atropurpurea, and syringae) but not to DNA from the phytopathogens Pseudomonas solanacearum, Erwinia carotovora subsp. atroseptica, and Xanthomonas campestris pv. vesicatoria (21) . Our work corroborates a recent report by Hatziloukas et al. stating that select P. syringae genes, especially ones involved in basic metabolic processes, bear a strong resemblance to functionally related genes found in gram-positive bacteria (19) . PGM is part of one of the earliest metabolic pathways to have developed, and it is believed that both forms of the enzyme, cofactor dependent and cofactor independent, were present early in evolution (15) . Although very few bacterial PGMs have been characterized, it has been postulated that most PGMs of gram-negative bacteria are cofactor dependent. Whether the P. syringae enzyme is an anomaly remains to be determined.
In pseudomonads, the enzymes which form the lower half of the Embden-Meyerhoff pathway have not been studied to the same extent as the Entner-Doudoroff pathway enzymes. In fact, DC3481 appears to be the first PGM-deficient pseudomonad mutant to have been isolated and described. Like the B. subtilis pgm mutant (24), it does not grow as well as the wildtype strain, even on a complete medium such as NBY medium. However, the reduction in growth rate was not as pronounced as that observed with the B. subtilis mutant (1.5-fold as opposed to 3-to 15-fold). Previous work had shown that DC3481 also was not able to grow and establish itself in the leaves of its tomato host (21) . DC3481 grew on minimal medium only when the medium was supplemented with (i) fructose and TCA cycle intermediates (or pyruvate), (ii) fructose and glutamate, or (iii) gluconate and succinate ( Table 2) . P. aeruginosa mutants deficient in the gluconeogenic enzymes GAP and PGK grow quite well on gluconate-or hexose-containing media (4) . Why DC3481 cannot grow on these media is unknown. Perhaps the loss of PGM activity has led to the accumulation of a toxic metabolite that interferes with other essential enzymes or pathways (16) .
The genes controlling glycolytic enzymes are often clustered and show a high degree of sequence conservation (5, 24, 34, 36) . In Bacillus, the only bacterial genus for which pgm has been mapped, the genes encoding the gluconeogenic enzymes are in the order of their appearance in the Embden-Meyerhoff pathway ( Fig. 1 ) but with tpi inserted between pgk and pgm (24) . Because the region upstream of the P. syringae pgm gene (unpublished data) and ORF2 had no sequence similarity with tpi, pgk, and eno genes, this may not be the gene order in P. syringae. There are relatively few examples of contiguous functionally related genes in Pseudomonas spp. (20) . Recently, the P. aeruginosa gap gene was mapped to a locus 130 bases from the edd gene and found to be coregulated with the genes of the Entner-Doudoroff pathway (37) . P. aeruginosa and P. syringae are closely related, and thus a similar regulatory unit may also be operating in the plant pathogen.
In summary, we have determined, using sequence analysis and enzyme assays, that the site of the Tn5 insertion in the nonpathogenic P. syringae pv. tomato mutant DC3481 is pgm, the gene that codes for the gluconeogenic enzyme PGM. Not only is this gene the first pseudomonad pgm gene to be identified and sequenced, but it is also the first bacterial gene, excluding those originating from Bacillus spp., that has been shown, by use of sequence homology data, to code for a DPGindependent PGM. Without a functional pgm gene, which appears to be present in several other P. syringae pathovars, P. syringae pv. tomato cannot grow on its plant host and cause disease.
